Raising day-old chicks on diets lacking copper severely depressed the activity of lysyl oxidase, a copper metalloenzyme in connective tissue. Administration of CuS04 either through the diet or through intraperitoneal injections restored the lysyl oxidase activity in aortic tissue. Two hours after the chicks received CuS04 (1 mg/kg) the activity of lysyl oxidase rose rapidly to attain, within 4-6 hr, a new steady-state level which was five to 20 times higher than the basal (saline-injected) activity. Twenty hours after copper administration, activity was still higher, in some experiments double that achieved at 6 hr. Very low amounts of cycloheximide injected intraperitoneally 45 min before and 3 hr after copper suppressed the activation response by two-thirds. Cycloheximide given 2 or 4 hr after the copper was only onehalf as effective. Actinomycin D caused only a 10-15% inhibition of the copper-induced activation. The data suggest that copper is a key regulator of lysyl oxidase activity in aorta and may in fact be a major determinant of the steadystate levels of the enzyme in that tissue.
The biochemical basis for the essentiality of most trace metals lies in their unique ability to bind and form specific complexes with enzymes. Metal ions perform not only catalytic roles but serve to give shape and stability to the protein structure (1, 2) . The consequences of protein-metal interactions are realized in enhanced catalytic prowess of enzymes and, perhaps, increased stability of the protein moiety to metabolic turnover (3) .
Although specific examples of metal ions controlling turnover rates of enzymes are unknown, numerous reports suggest that certain metal cations can influence the steadystate concentrations of metal transport and storage proteins. For example, iron induces the synthesis of apoferritin (4, 5) and reportedly stabilizes this protein against metabolic degradation (6) . Both a zinc (7) and a cadmium (8) binding protein in rat liver cytosol appear to fluctuate at levels corresponding to the tissue levels of zinc and cadmium, respectively. Treatment of intact rats with cycloheximide and/or actinomycin D inhibits the apparent induction of these binding proteins by their respective metal ions. Ceruloplasmin, the major copper-binding protein in serum, undergoes rapid metabolic turnover in response to nutritional copper deficiency (9) . Moreover, the metal-free as opposed to the metal-bound form of the protein is rapidly taken up and degraded by the liver (10) . Thus the control of metalloprotein levels may be a general property of trace metals in biological systems.
Copper deficiency in growing animals grossly impairs the integrity and functioning of connective tissue, most notably the collagen and elastin network in aorta. The cause of the impairment resides in a failure to synthesize the crosslinking compounds that stabilize. the peptide chains of collagen and elastin (11, 12) . Copper is a cofactor for lysyl oxidase, the enzyme that catalyzes the oxidation of select peptidyl lysine (or hydroxylysine) residues to peptide aldehyde (allysine), 371 which initiates the crosslinking mechanism (13) . Lysyl oxidase is present in aortic tissue of several animal species, appearing predominantly in association with fibrous components of the tissue (14) . Because of its insolubility in salt solutions, high concentrations of urea have been used to extract the enzyme from aortic tissue (15, 14) . The enzyme has been purified to near homogeneity (15) (16) (17) , and copper has been found to be present in the protein structure and essential for catalytic function (15) . However, it now appears that copper is also a key regulator of the steady-state levels of lysyl oxidase in aorta. Reported here are data supporting this function of the metal.
METHODS
The studies reported were performed with male inbred, hybrid white leghorn (Hyline) chicks obtained on the day of hatching. Chicks were housed in all-plastic (Plexiglas) enclosures (20 X 30 X 10 inches; 51 X 76 X 25 cm) sealed on five sides but open to plastic grid surfaces at the bottom. The temperature was maintained at 28-32o. Chicks were fed deionized, distilled water and semipurified diets ad libitum. Basal diets were prepared as described by O'Dell et al. (11) and contained by analysis less than 1 ppm copper. Supplemented diets were identical in composition to the basal with the exception of 50 ppm copper (added as anhydrous CuSO4).
Glassware was soaked in 1.2 M HCl and rinsed thoroughly with deionized distilled H20. Reagent salts and buffers, made to concentration, were treated with dithizone (0.005% weight/volume in CC14, 3 Assay of Lysyl Oxidase Activity. The procedure of Pinnell and Martin (13) was followed with some modifications as noted previously (15) . Aortic proteins labeled with [4,5- 3H]lysine (New England Nuclear, specific activity 35 Ci/ mmol) were the source of the substrate. These proteins were prepared from 8-day chick aortas cultured in lysine-free Waymouth medium (Grand Island Biological Co.). Ten aortas yielded about 30 X 106 cpm of tritium-labeled protein substrate. Lysyl oxidase activity was determined by measuring the cpm of tritium that became exchangeable when 500,000 cpm of substrate protein were mixed with 200,ul of dialyzed extract (final volume 1 ml) and incubated for 4 hr at 400. Exchangeable tritium (as tritiated water) was separated from other components in the medium by vacuum distillation and quantitated in a Beckman liquid scintillation counter. The latter procedure involved immersing 0.2 ml of the distillate in 5 ml of "Aquasol" scintillation medium. Detection efficiency for titrium was about 30%. The values reported have been corrected for titrium released in the absence of enzyme and/or with enzyme and 0.1 mM f,-aminopropionitrile, a potent inhibitor of lysyl oxidase (13) . In most instances the values reported were obtained from duplicate assays of three chick aortas. Enzyme activity has been expressed in terms of cpm of tritiated water formed per hr/g of wet weight of tissue.
RESULTS
Copper deficiency in growing chicks severely depresses the levels of lysyl oxidase activity in connective tissues (16, 18) . Whether copper repletion restores the catalytic functioning of lysyl oxidase activity has not been reported. Such data are presented in Table 1 . A nine-day deficiency lowered lysyl oxidase activity in aorta to less than 5% of the level of con- trol (copper-fed) chicks. However, when deficient chicks were changed to basal diets supplemented with copper, enzyme activity returned to near normal levels within 3 days. Continuing the once-deficient chicks on the copper diet sustained the enzyme levels close to the control. Clearly dietary copper can restore and maintain physiological levels of lysyl oxidase. These data suggest that copper may be a major determinant of the steady-state levels of lysyl oxidase.
Subsequent experiments suggested the recovery period for lysyl oxidase activity was less than 3 days, perhaps 24 hr. A time study was performed to clarify this point and to determine whether copper alone, and no other dietary constituent, was activating the enzyme. To meet both objectives, 11-day deficient chicks received injections of copper (CuS04 in 0.9% weight/volume saline) intraperitoneally (1 mg/kg of body weight) and the levels of lysyl oxidase activity in aorta were determined at various time intervals. For controls a second group of 11-day deficient chicks received only saline. In Fig. 1 it can be seen that lysyl oxidase activity remained low the first 2 hr after copper administration, but then rose rapidly to achieve a new steady-state level, which after 4-6 hr was about 10 times higher than controls (saline injected). Those chicks receiving saline alone showed no rise in lysyl oxidase activity. By 20 hr the copper-induced enzyme activity was nearly double that at 6 hr ( Fig. 1) and approached the activity levels of the copper-fed (Table 1) . Beyond 20 hr activity showed a gradual decay. However, substantial activity remained 50 hr after the injection of copper (Fig. 2) . In these studies activation of lysyl oxidase resulted from a single intraperitoneal injection of copper. Since chick weight averaged about 70 g, the average dose given was less than about one-half the activity level of copper-fed chicks (Fig.  3) . Whereas, doses of copper less than 0.25 mg/kg appeared to activate the enzyme in vivo (Fig. 3) , CuS04 added directly to tissue homogenates, dialyzed extracts, or cultures of deficient tissue in salt solutions failed to activate lysyl oxidase activity. The results do not support an activation mechanism involving simple recombination of copper with a large, preformed pool of apoenzyme. Rather they tend to suggest that full activation of lysyl oxidase requires the biosynthesis of new enzyme molecules.
To gain additional insight into the activation mechanism, we treated chicks with either cycloheximide or actinomycin D and evaluated the effects 6 and 20 hr after they received copper. Table 2 shows that cycloheximide, a potent inhibitor of protein synthesis in animal tissues (19) , when given 45 min before and 3 hr after copper, suppressed the copper- In this study, actinomycin D was found to have little effect on the activation. However, this drug has been shown to inhibit the metal-ion induced appearance of copper and zinc binding proteins in rat liver (20, 7) . The dose of actinomycin given in these studies was twice greater than an amount that completely suppressed glycine-induced synthesis of D-glycerol-3-phosphate dehydrogenase and phosphoserine phosphatase in chick liver [C. N. Coon, L. W. Luther, and J. R. Couch (1975), submitted for publication]. Even at actinomycin levels of 1 mg/kg of body weight (approximately 10 times that used in Table 2 ), no more than a 10% inhibition of copper-induced activation was observed. If copper exerts its control at the level of transcription, we would have expected a much greater inhibition of the activation by actinomycin. Hence the copper-sensitive site in aorta is likely to involve some process occurring after synthesis of the messenger RNA for the enzyme.
Experiments utilizing cycloheximide have established an essentiality for protein synthesis. Clearly, knowing which protein(s) are synthesized in response to copper will give insight into the activation mechanism. Quite possibly this protein functions in the delivery of copper to the site of enzyme synthesis. Ceruloplasmin, a copper-rich protein in serum, may perform such a function in higher animals (21, 22 ). Another possibility is that the newly synthesized protein may represent newly formed molecules of enzyme. Our data do not permit a distinction.
If lysyl oxidase activation results from an increase in the enzyme's concentration, copper must either stimulate enzyme synthesis or retard its degradation (23) . Lysyl oxidase activity in aortic tissue from copper-induced chicks is rapidly destroyed by short incubation periods in growth medium (Harris, unpublished observations). This could mean that copper deficiency accelerates the rates of enzyme degradation in aorta. Therefore, a plausible interpretation of the kinetics of activation (Fig. 1) is that enhancement of lysyl oxidase activity results from a decrease in enzyme degradation in the presence of continued enzyme synthesis. This explanation assumes that copper binds to and induces specific modifications in the protein structure which renders the enzyme more stable to denaturation or proteolysis. Whether the metal also promotes accelerated translation of the messenger RNA specific for the enzyme will have to be determined.
